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I.

INTRODUCTION

Purpose
The purpose of this study was to determine the origin
of a group of pegmatites in the vicinity of Gwinn, Michi
gan.

The pegmatite bodies occur in many diverse forms

including v e ins, isolated pod s , migmatites, and irregular
dikes.

Thus, there is the question of whether these

bodies represent one or more than one, geological event.
Compositionally, they are simple pegmatites, containing
feldspar, quartz, and very little mica which makes this
area suited for this study.

This simplicity lends itself

to geochemical interpretation essentially free of the
effects of varying mineralogy within the pegmatites.
The pegmatites are contained in meta-igneous precambrian shield rocks.

As a side issue to the "granite"

problem, there has long been a controversy as to the origin
of pegmatites in metamorphic terrains.

Some authors

(Tuttle and Bowen, 1958; Jahns and Burnham, 1969) propose
that these rocks are formed by crystallization from a
water saturated magma, while others

(Barth, 1962; Mehnert,

1968) stress the importance of metasomatism in their
formation.

Sometimes different authors use the same

piece of field evidence to support different petrogenetic theories, for example, do migmatites show that
1
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magma has invaded the country rock, or do they show that
the quartzo-feldspathic material has differentiated out
of the rock?

This study represents an attempt to answer

these and other questions, with regards to a specific
group of pegmatites in northern Michigan, using standard
petrographic and geochemical means in conjunction with
K/Rb trace element data.
Location and Regional Geology
The study area is located in the vicinity of Gwinn,
in Marquette County, in the upper peninsula of Michigan.
It is about 20 miles south of the city of Marquette
(Fig. 1).

All the outcrops studied are in sections 21

and 22, of T45N, R25W.
The regional geology is shown in Figure 1.

The

pegmatites under investigation are contained in lower
Precambrian, meta-igneous "granitic" rocks of batholithic proportions

(Gair and Thaden, 1968).

They comprise

part of a geological region of igneous and high-grade
metamorphic rocks known as the southern complex.

The

southern complex is separated from the northern complex
by the Marquette synclinorium, west of the city of
Marquette.

This synclinorium, as well as other troughs

of the region, is made up of metasedimentary rocks of
middle Precambrian, Animikian age.

It is in these rocks

that the economic mainstay of the region is found, namely
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the iron formations.

One of the main structural features

of the Gwinn area is the Gwinn synclinorium.

These rocks

are correlated with the middle and upper Animikian of the
Marquette area (Allen, 1914).

The Gwinn district was

also once an iron ore producing area.

The first ore was

shipped in 1872, and the last ore went out in 1948
(Reed, 1957).

The town of Gwinn itself was built by the

Cleveland-Cliffs Iron Co. as a model mining town with
substantial buildings.

The upper Precambrian in the

region is represented by basic dikes of the Keweenawan
age which cut all earlier formations.

Patches of

Paleozic limestones are also found in this vicinity.
Pleistocene glacial outwash covers most of the bedrock.
Previous Work
Very little literature has been published about the
Gwinn district.

Early reports were only concerned with

the iron ore deposits.

These were summarized by Van

Hise and Leith (1911) in their monograph on the geology
of the Lake Superior region.

Again they were concerned

mainly with the Animikian (formerly "Huronian") metasedimentary rocks.

They mention the metaigneous rocks as

Archean in age (lower Precambrian).

These rocks were

noted as being "...similiar to the basal granites of the
neighboring iron ranges."
map.

They also published an outcrop

The most recently published report on the Gwinn
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area was by R.C. Allen (1914, 1915) of the Michigan State
Geological Survey.

He correlated the metasedimentary

rocks as middle and late Animikian.

He also briefly

mentions the basement complex, "the Archean system com
prises both acid and basic plutonic rocks, granite greatly
predominating."

His report contains the first published

map of the area, in which he mapped the basement rocks as
an undifferentiated granite and greenstone complex.
The closest area of lower Precambrian, metaigneous
rocks that have been mapped in detail is the Sands 7-1/2
minute quadrangle

(Gair and Thaden, 1968) which borders

the Gwinn quadrangle on the north.

The southern edge of

the Sands map is 6 miles to the north of the area presently
under study.

The district has apparently received little

attention because of its isolation from the Marquette
range, and the lesser importance of its iron ores.

How

ever, Gwinn is close enough to the Marquette region so
that it probably has shared a similar tectonic history,
and the many studies done concerning the latter will
help to elucidate the geologic history of the Gwinn area.
The present study is the first detailed work on the base
ment complex of the Gwinn area.
Age relationships
A brief summary of the pertinent age relationships
of the country rocks of this region is offered here.
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Allen

(1914) correlated the "granitic" country rocks with other
lower Precambrian rocks because they are capped by an
erosional unconformity, which is in turn overlain by
metasedimentary rocks of middle Precambrian age.

However,

other authors suggested that the bulk of the granitic
rocks of the so-called southern complex were of late
Precambrian age.

Lamey

(1937) supported this idea because

of the crosscutting relationship of some granites into
middle Precambrian metasedimentary rocks and related
contact metamorphism near Republic, about 30 miles WNW
of the Gwinn district.

Dickey

(1938) originally considered

the southern complex to be mainly lower Precambrian since
the deformational events which helped create them had not
affected the middle Precambrian rocks.

He later changed

his ideas because he found places where the granite
intruded some supposedly middle Precambrian quartzites
but was truncated by others.

He assigned the name Ford

River granite to those of middle Precambrian age.
Snelgrove et al.

(1944) reaffirmed the idea of a post

Animikian age for the granites which he believed formed
by replacement of older ingneous and sedimentary rocks which
became "highly plastic but not molten."

He cites instances

where there has been granitization of some of the recog
nizable metasedimentary formations.

One of the examples

was from the Gwinn area west of the present study area,
where the granite merges with the middle Precambrian basal
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arkose.

However his evidence is contradicted by the earlier

descriptions of Allen (1914).

Allen originally noticed

that it was sometimes hard to tell the exact contact surface
between the granite and the arkose where the unconformity
had been subjected to some alteration as indicated by the
growth of secondary mica.

This situation may be analo

gous to the observations of Gair and Simmons

(1968) on the

unconformity between the lower and middle Precambrian in
the Palmer area to the north which has often been cited as
an area of granitization.

Instead, they attributed this,

not to granitization, but to alteration by metamorphic
solutions along the unconformity, which is probably a regolith.
James

(1955, 1958) concluded that the late Precambrian

granites consist only of dikes and small stocks in the
northern part of the sourthern complex, and that the main
mass of the granitic rock is lower Precambrian.

He recom

mended that the terms "Republic granite" and "Ford River
granite" be dropped because of their erroneous age impli
cations.

The controversy over the age of the granitic

country rocks may finally have been put to rest by wholerock radiometric dating in different parts of the southern
complex which has shown a minimum age of 2.5 b.y., or a
lower Precambrian origin for all the major country rock
types

(Cannon, 1973).
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II. DESCRIPTION OF THE STUDY AREA
The outcrops under investigation appear as low knobs
protruding above the level of the surrounding outwash plain.
The relief ranges from near

0 to 25 feet

high, and they are

easily discerned by contour

lines on the

Gwinn 7-1/2

minute topographic map.

Most of the outcrops occur in a

straight line trending NW-SE (Fig. 2), and some of the indi
vidual outcrops are elongated in approximately that same
direction.

At first it was thought that this might indi

cate glacial grooving or streamlining; however measurements
of glacial striations (N 65 E) at outcrop 2 showed that the
most recent direction of ice movement was almost perpendi
cular to the trend of the outcrops.

Differential erosion on

rocks of different resistances is the probable cause of this
trend of topographic highs.

Most of the outcrops are

mainly made up of pegmatite

so that this

represent a linear trend of

intrusions. On the other hand

pattern may

the rocks at some of the knobs are granitic which likely
means that they extend beyond the maximum '50 feet width of
the exposures.

These outcrops, although they may contain

only small amounts of pegmatite, apparently have been
silicified enough to make them slightly more resistant.
Reference to the geologic map (Fig. 2) shows that the trend
of these outcrops precisely follows the trend of the meta8
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sedimentary syncline which shows up in part in the south
west part of the map.
A brief description of each outcrop is given here to
familiarize the reader with the study area, and to show the
more or less systematic change in the make up of the rocks
as one proceeds in a northerly direction.
Outcrop no. 1 is the southern most knob in the study
area.

It is a low ridge about 300 feet long, 50 feet wide,

and 20 feet high.

It is composed of a gray to pinkish

gray granitic rock.

In hand specimen, the rock shows no

foliation or other obvious signs of metamorphism, except
for some possible alteration which has left the feldspars
with a mottled appearance.

The rock contains phenocrysts

of alkali feldspar, which become concentrated around small
(up to one foot in diameter) pods of coarser grained pegmatitic material.

There are also a few narrow pegmatite

veins up to 6 inches wide, the widest vein having a quartz
core.
Outcrop no. 2 is about 200 feet long, 50 feet wide,
and 25 feet high.
country rock.

It is about half pegmatitic and half

Like the pegmatite at outcrop 1, the minera

logy is simple— quartz and perthite with traces of a green
muscovite.

Unlike the first outcrop the size of the pegma

tite bodies is much larger and covers the entire width of
the outcrop in some places.
larger sizes.

Also the crystals attain much

A one foot long perthite crystal was observed.
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Graphic granite was also noticed.

There is no conspicu

ous mineralogical zoning; however, texturally there are
irregular variations in grain size.

A portion of the country

rock resembles that of the first outcrop, but there are
also gneisses in contact with the pegmatite.
Outcrop no. 3 is a group of low knobs consisting of
pegmatite and gneissic

granite.

The pegmatite is com

posed mostly of quartz and perthite, but in one hand speci
men some biotite is found contained in an aggregate of
smaller flakes.

The pinkish gray granitic country rock

resembles that of the other two previously mentioned
granites, but is distinctly foliated although not banded.
Outcrop no. 4 is about 70 feet in diameter and 25
feet high.

The exposure is bisected by a small crevice.

South of the crevice, pegmatite is almost indistinguishable
from other granitic rocks that are also present.

North of

the crevice the rock is migmatic, and also contains feld
spar augens.

The moderately sharp gradation between the

two lithologies may indicate that tne crevice is a fault
plane, although if the pegmatites are igneous this might
also represent a contact zone.

Nevertheless, faulting is

not uncommon in the area, though displacements are minor.
Outcrop no. 5 is a flat but relatively extensive expo
sure.

In the southwestern corner there are gneisses, the

felsic portion of which may continue as bands approxi
mately an inch wide, but then suddenly widen into pegmatites.
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In other parts of the outcrop, the pegmatites exhibit a more
crosscutting relationship.
Outcrop no. 6, which is in a wooded area, exhibited
a more advanced state of weathering.
crop could not be examined in detail.

Consequently the out
It seemed to be

composed mostly of pegmatite, but with a noticable increase
in the amount of biotite.
Outcrop no. 7 is about 50 feet in diameter and 5 feet
high.

It is made up of a few alternating layers of pegma

tites and country rock (Fig. 3).

The pegmatites are com

posed of quartz and perthite, with some of the perthites
attaining sizes of 12 inches.

The country rock is made up

of granite resembling that of many of the previously men
tioned granites, and also some gneisses and migmatites.

MIG

PEG

MIG
10 FT

MIG

Fig. 3. Alternating layers of pegmatite and migmatite,
outcrop 7.
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III. PETROGRAPHY

Petrographic descriptions
Outcrop 1^

The country rock at this outcrop is a grano-

diorite composed of sericitized feldspar, quartz, biotite,
and accessory zircon, magnetite, and pyrite.

The degree

of sericitization of the feldspars varies throughout the
outcrop, but even in its least altered state the feld
spars are so heavily

sericitized

that the majority of the

grains are unidentifiable as to their type.

A thin sec

tion (1-8) from such an area contained plagioclase as the
only identifiable feldspar.

Some relatively unaltered

microcline grains with quartz and plagioclase inclusions
are found at sample locations closer to the pegmatite
bodies

(Pl.l, fig. 1).

Some of the quartz may be secondary,

as indicated in one specimen (1-2) where perfectly formed
cubes of pyrite project outward, into what was once probably
a cavity that is now filled with quartz.
outcrop shows no preferred orientation.

Biotite at this
Texturally, the

country rock at this outcrop is a granodiorite that has
undergone some hydrothermal alteration.
The pegmatites of this outcrop are composed of perthitic microcline, quartz, and minor amounts of plagi
oclase, chlorite, muscovite, and magnetite.

The microcline

grains are pink in color, and are relatively unaltered.
13
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PI. 1, fig. 1.
in microcline.

Quartz
(x32).

(QZ) and plagioclase (PL) inclusions

PI. 1, fig. 2. Continuous twinning through two generations
of plagioclase.
Extinction angles, however, change at
grain boundary.
(x80).
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The small amount of plagioclase present occurs in three
different modes:

as altered grains that resemble the seri

citized plagioclase of the country rock; as much fresherlooking grains; and as the plagioclase component of the
perthitic microcline.

Minor amounts of micaceous minerals

are present as interlayered chlorite and muscovite with
inclusions of quartz and magnetite.

Texturally the pegma

tites at this outcrop are not very coarse grained, the aver
age crystal size being about 1 cm. across.
tites here occur as veins and pods.

The pegma

The widest vein is

about one-half foot across and has a quartz core.

The pods

occur up to one foot in diameter.

Outcrop 2.

The gneissic and granitic country rocks are

composed of plagioclase, quartz, varying amounts of perthite,
and minor biotite, muscovite, magnetite, hematite, and zircon.
The plagioclase grains are usually altered, but sometimes
are enclosed by fresher overgrowths with continuous twinn
lamellae (P. 1, fig. 2).

The amount of perthite in a

sample partly depends on the distance of the sample from
adjacent pegmatites.

Biotite, muscovite and magnetite often

occur in association with each other.

Texturally the

country rock occurs as altered granodiorite and as gneisses.
The gneisses bear an interfingering relationship with the
pegmatites.
The pegmatites are composed of perthitic microcline,
quartz, and minor plagioclase, chlorite, muscovite, and
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magnetite.

The microcline contains numerous types of

quartz inclusions such as graphic intergrowths, irregular
blades, and elongate blebs.

The few individual plagioclase

grains contained in one thin section
to these quartz inclusion zones.

(2-1) were adjacent

The plagioclases here

were relatively unaltered, and one of the grains had two
zones.

The maximum extinction angle noted was 15° (An 5-10).

There is also a green micaceous mineral associated with the
quartz.

It is probably either a muscovite or high iron

chlorite since chemical analysis shows a low magnesium
concentration.

Texturally these pegmatites have a wide

variation in grain size.

Some areas of the outcrop are

fairly coarse grained with microcline crystals up to 30
cm. in length, while in this same outcrop there are other
areas with granitic textures and crystal sizes below 1 cm.

Outcrop 2*

The granitic country rock here is composed of

plagioclase, perthitic microcline, quartz, and minor biotite,
muscovite, chlorite and magnetite.

The plagioclase is

almost unanimously sericitized, while the microcline is
almost always unaltered.

The microclines often contain

inclusions of altered feldspar and quartz.

Biotite is by

far the most common of the micaceous minerals, but in one
thin section (3-3) there is an area where the biotites are
in various stages of being altered to chlorite and magne
tite.

Texturally the country rock is granitic, however,

the biotites are slightly foliated.
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The pegmatites are composed of perthitic microcline,
plagioclase, quartz, and minor chlorite, biotite, musco
vite, and magnetite.
two zones:

The pegmatites can be divided into

a microcline-quartz-biotite zone,and a perthite-

plagioclase zone.

The microcline-quartz-biotite zone makes

up the bulk of the pegmatite at this outcrop.

In hand

specimin, the biotite grows interstitially with quartz
surrounding larger feldspar crystals, giving the rock
almost a porphyritic look.

The perthite-plagioclase zone

is composed of 70% perthite, 28% plagioclase, and accessory
chlorite, muscovite, and magnetite.
the plagioclase are unaltered.

Both the perthite and

Quartz is essentially

absent from this zone.
Outcrop £.

The gneissic country rock is composed of plagi

oclase, perthitic microcline, quartz and minor biotite and
muscovite.

The plagioclase grains usually have some degree

of sericitization.

Microcline grains sometimes contain

altered plagioclase and quartz inclusions.
microcline are separated into crude layers.

Plagioclase and
Texturally the

rocks resemble migmatite or "injection gneiss".

In one

thin section (4-3) of migmatite, chlorite pseudomorphous
after garnet occurred at the pegmatite-gneiss contact.

How

ever, because of their position it cannot be known for cer
tain whether the original garnets were part of the country
rock, or whether they were part of the pegmatitic intrusion
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The pegmatites are composed of perthite, antiperthite,
quartz, and minor plagioclase and chlorite.

Graphic quartz

inclusions in microcline all had the same optical orienta
tion.

These inclusions also cross a thin quartz veinlet

which in turn cuts the perthite (PI. 2, fig. 1).

A replace

ment origin for the graphic quartz may be theorized since it
cuts a veinlet that must have formed after the original
crystallization of the feldspar.
in thin section (4-2).

Antiperthite was observed

In hand specimin it resembles the

perthites found throughout the study area.
Outcrop j>.

The gneissic country rock is composed of plagi

oclase, perthitic microcline, quartz, and minor biotite
and chlorite.

Plagioclase occurs in both the altered and

unaltered state.

The two modes are further distinguished

by the fact that the altered grains have extinction angles
up to 15°, whereas the unaltered grains have very low
extinction angles.
overgrowth rim.

Sometimes altered grains have a fresher

Microcline grains sometimes contain inclu

sions of altered plagioclase.
gneissic.

Texturally the rocks are

A thin section (5-1) through one of the gneisses

shows a mafic layer composed of foliated biotite and then
a gradation from plagioclase to microcline toward the center
of the felsic layer.

The plagioclase layer contains

accessory biotite, while chlorite is associated with the
microcline layer.
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PI. 2, fig. 1. Quartz veinlet (vertical) cut by graphic
quartz intergrowth (diagonal). (xlO).

PI. 2, fig. 2. Plagioclase stringers in microcline concen
trated near contact with country rock (left side) . (xlO).
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The pegmatites are composed of perthitic microcline,
quartz, and biotite.

The biotite and quartz grow inter-

stitially around larger feldspar crystals.

The pegmatite

is moderately coarse grained, with feldspar crystals ranging
up to 10 cm. long.
Outcrop 6.

There are no country rocks exposed at this out

crop.
The pegmatites are composed of perthitic microcline,
quartz and biotite.

The biotite and quartz grow intersti-

tially around larger feldspar crystals.

The pegmatites

are not very coarse grained, with feldspars ranging in size
from 1 to 5 cm.
Outcrop 1_.

The gneissic country rock is composed of plagi

oclase, perthitic microcline, quartz, and minor biotite,
muscovite, hematite and zircon.

The plagioclase grains

are usually sericitized and occasionally have fresher
overgrowth rims.

Fresher grains were also observed near the

pegmatite contacts.

Microcline occurs as unaltered grains.

Texturally the country rocks varied from slightly foliated
granodiorites to migmatites.

Microcline and accessory

chlorite are usually associated with the more granitic
fraction of the migmatites, while the remaining rocks are
comprised of plagioclase and biotite.
The pegmatites are composed of perthitic microcline,
quartz, and minor chlorite.

In one thin section (7-3) pla-

R eproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

21

gioclase stringers in the perthite are more concentrated
near the contact with the country rock

(P. 2, fig. 2).

Texturally the pegmatites are fairly coarse grained, with
occurrences of perthite crystals up to 30 cm. long.
Discussion of the Country Rocks
A brief summary of the country rock data from the
preceding section reveals several points.

The most speci

fic name that can be applied to the country rock would be
meta-granodiorite.

Compositionally the feldspars may

vary slightly beyond the limits of a granodiorite in the
strict sense.

Texturally the rocks vary from hydrotherm-

ally altered granodiorites to banded gneisses.

The rock

has the same general composition and texture as the Compeau
Creek gneiss which has been mapped to the north

(Gair and

Thadden, 1968), and with which it is probably continuous.
The textural variation follows a general north-south
pattern.

The southernmost outcrop is slightly altered

granodiorite, whereas the northernmost outcrops are migmatites.

Within individual outcrops, the degree of altera

tion of the country rock is mainly dependent on the dis
tance to the nearest pegmatite.

As the pegmatite bodies

generally increase in size and number to the north, the
corresponding country rocks become more gneissic.

Finally

the contact between the pegmatite and country rocks becomes
almost indistinct, and the granitic layers of the migmatites
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gradually merge with the pegmatites.

Evidently the center

of geologic activity is in the northern part of the study
area.
Mineralogically the country rocks are composed of
plagioclase, quartz, perthitic microcline, and minor amounts
of biotite, muscovite, megnetite, and zircon.

The composi

tion and degree of alteration of the feldspars are indica
tive of the rock type in which they occur.

Highly serici-

tized plagioclase is the predominant feldspar of the granodiorites.

At sample locations close to the pegmatites,

unaltered microcline grains appear and increase in number
up to the pegmatite contact.

This is indicated by a compari

son of the modal analysis obtained for all thin sections
containing country rock from outcrop 1 (Table 1).

The

microcline grains contain inclusions of quartz and altered
plagioclase as has previously been shown (P. 1, fig. 1).
In the gneisses and migmatites, microcline is usually asso
ciated with the more mafic layers.

The evidence shows that

Table 1. Comparison of the amount of unaltered microcline,
versus the distance to the nearest pegmatite.
Distance

(ft.)

25

6
1
0.1
0.05

0

Sample

Percent of unaltered microcline

1-8

0

1-2
1-4
1-6
1-1
1-3

Tr
24
23
25
36
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the altered plagioclase was the original feldspar of the
country rock, and that the microcline is more closely asso
ciated with the pegmatite activity.
Biotite is virtually the only mafic mineral found in
the granodiorite and the more mafic layers in the gneiss.
Chlorite occurs occasionally in the more granitic layers.
There is a tendency for the biotite to occur with plagio
clase, and the chlorite to occur only with microcline.

Discussion of the Pegmatites
The pegmatites, in summary, are mineralogically
simple.

They are for the most part microcline-quartz

pegmatites.

The exact percentage of each mineralogical

component of the rocks cannot be determined because of
the irregular distribution of the minerals.

No rare

minerals typical of complex pegmatites are found in the
area.
Zoning within the individual pegmatite bodies was not
usually well developed.

Examples of zoning are found at

outcrop 1 where a few of the veins have quartz cores, and
at outcrop 3 where a microcline-plagioclase zone has devel
oped.
The geographic distribution of the pegmatite bodies
follows a north-south pattern similar to that observed in
the country rocks.

In the southernmost outcrop the pegma

tite is represented by a few narrow veins up to 6 inches
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wide, and a few pods up to one foot in diameter contained
in the granodiorite.

Northward the pegmatites increase

in size and coarseness until they are the predominant rock
type.

It was noted in the last section that the correspond

ing country rocks in the northern part of the study area
were gneisses and migmatites.

The evidence points to a

northern source area for the pegmatites.
The pegmatites are composed of microcline, quart 2 ,
plagioclase, and minor chlorite, biotite, muscovite, and
magnetite.
feldspar.

Perthitic microcline is by far the most common
Individual plagioclase grains are also usually

present, however, with the exception of outcrops 3 and 4
they are always present in amounts less than one percent.
At outcrop 3 the microcline-plagioclase zone contained
about 30 percent plagioclase.

At outcrop 4 an antiperthite

crystal was found which resembled the normal perthitic
\

microcline.

The antiperthitic character of the crystal

could only be determined in thin section (4-2).

The amount

of plagioclase contained in these two examples might be
small compaired to the bulk composition of the pegmatites,
but on the other hand, the amount of plagioclase component
contained in the perthitic microcline will be significant.
Chlorite is the predominent mafic micaceous mineral in
the pegmatites.

In outcrop 1 chlorite is interlayered

with muscovite and contains inclusions of quartz and magne
tite.

They are very likely pseudomorphs of biotite.
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magnesium of the original biotite could have gone into the
chlorite, the potassium and aluminum into muscovite, the
excess silicon into quartz, and the excess iron into magne
tite.

This is a common product of the hydrothermal altera

tion of biotite (Deer, Howie, and Zussman,

1966) which

may have happened during a late-stage pneumatolytic event.
Regional retrograde metamorphism apparently has not been a
factor since the biotites in the adjacent country rocks are
still preserved.
Contact Zones
Obviously one of the best places to study the relation
ship of the pegmatites to the surrounding rocks is at
their contacts, especially since pegmatites in metamorphic
regions are often thought to have been derived locally.
contacts can be sharp or diffuse.

The

Relatively sharp contacts

occur where dikes or conformable layers of pegmatite cut
the country rock.

The more gradational relationships occur

around pegmatites that form irregular pods or seem to
merge imperceptibly into the gneisses.

Sharp contacts
At outcrop 1, the walls of the veins are clearly
defined.

These relatively sharp boundaries can be grada

tional on the scale of a thin section.

One thin section

(1-1) through such a zone contained large perthitic micro-
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cline, quartz, chlorite, and some altered plagioclase on
the;pegmatite side of the slide, which grades into smaller
grains of altered plagioclase, quartz, and some micro
cline.

The plagioclase is the feldspar of the country

rock, and also occurs as inclusions in the pegmatite.

The

fresh unaltered microcline in the country rock is presumed
to be the pegmatite's contribution.
In the northeastern part of the study area at outcrop
7 are found gneisses in fairly sharp contact with conform
able layers of pegmatite several feet wide.
here

A thin section

(7-3) shows about the same mineralogical distribution

as the previously mentioned slide, with the added feature
that the albite blebs in the perthitic microcline of the
pegmatite are concentrated on the country rock side of a
border crystal (PI. 2, fig. 2).

Also the alkali feldspar

of the country rock is more perthitic looking.

This could

indicate that sodium feldspar components are either moving
outward from the center of the pegmatite or diffusing into
it from the country rock.
Gradational contacts
The least understood and probably the most genetically
significant contact zones are where the pegmatite and the
gneissic layers grade imperceptibly into each other.

It

is nard to say on textural evidence alone whether the pegma
tite is invading the gneiss, or whether the gneiss is contri-
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PI. 3, fig. 1. Sharp contact between country rock (left)
and pegmatite (right).
(x3.2).

PI. 3/ fig. 2.
matite.

Gradational contact between gneiss and peg
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buting felsic material to the pegmatite; and as I shall
indicate later, both processes may have operated.
In outcrop 2, which is nearer to the fringe of the
area under study, this type of contact occurs.

The adja

cent pegmatite is made up of the usual quartz, perthitic
microcline with inclusions, both altered and relatively
unaltered plagioclase grains, and traces of non-foliated
chlorite.

A few feet away are gneisses whose mafic layers

are sometimes contorted.

The mineralogy consists of quartz,

feldspar which this time is represented mainly by plagioclase
in various stages of alteration, and by lesser amounts of
microcline occurring in fingers.

Biotite is the predomi

nant mica, and chlorite is associated with the microcline.
Neither mica is foliated.

The lack of foliation and the

contortion of the mafic layers may indicate that the gneiss
was disrupted by the activity of an infiltrating pegma
tite.
On the other hand, as one moves north through the study
area toward what has been referred to as the center of
pegmatite activity, the contacts take on some different
aspects.
5.

This is particularly well illustrated at outcrop

The gneiss is made up of slightly pink felsic layers

up to an inch wide alternating with mafic layers of almost
pure biotite or wider bands of biotite and feldspar.
Towards the contact with the pegmatite, the gneiss layers
maintain their thicknesses, but feldspar porphyroblasts
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become more common.

Then the porphyroblasts become larger

than the width of the layers in which they are contained.
They seem to push aside the biotites.

While some of the

layers become discontinuous, other layers of biotite are
faintly visible for some distance into the pegmatite-like
rock.

A thin section through one of the gneisses

(9-1)

shows a biotite layer and then a gradation from plagioclase
toward microcline at the center of the felsic layer.
plagioclase may be of two generations.

The

The first genera

tion is altered and has a 15° maximum extinction angle.
The second generation is much less altered, has a low
extinction angle, and locally surrounding grains of the
first generation.

The felsic layers contain biotite near

their boundaries and chlorite near their centers.
minerals are foliated.

Both

The preservation of foliation in the

felsic layers, and the seemingly mechanical forcing of the
biotites out of these layers and on to the mafic layers
disputes the idea that these textures may have been the
result of a highly mobile fluid such as a pegmatite magma.
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IV. GEOCHEMISTRY
Method
Forty samples of pegmatite and country rock were geochemically analyzed by x-ray fluorescence spectrography.
Pegmatite feldspar samples were analyzed for Si, Al, K,
and Rb.

Country rock samples were analyzed for Si, Al, Fe,

Ca, K, and Rb.

Two pegmatite mica samples were analyzed

for these elements plus Mg.

All analyses were performed on

a Philips-Norelco Universal Vacuum Spectrograph using a
Cr tube.

The operating conditions for each individual

element are listed below (Table 2).
The samples were prepared using a lithium-tetraborate
fusion method modified after Welday et al.

(1964) .

Approx

imately two grams of sample are ground to a powder for 10
minutes in a wig-l-bug.

The sample was split and then

weighed to the nearest 0.0001 gram.

This is mixed with

anhydrous lithium tetraborate in the exact weight proporTable 2. Operating conditions for the x-ray spectrograph
for each element.
El.

line

KV

MA

counter

Si
Al
Fe
Mg
Ca
K
Rb

Kk

35
35
35
35
35
35
40

20
20
20
20
20
20
20

prop
prop
scint
prop
prop
prop
scint

Kk

K«
Kk
K*
Kk

K«

kv.
1.52
1.54
.84
1.60
1.48
1.48
.80

basel.

window

sec.

x'l

1
1
.5
1
1
.5
1

4
3
2
5
5
4
2

100
100
100
200
100
40
200

EDDT
EDDT
LiF
ADP
EDDT
EDDT
LiF

30
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tion of 2:1 tetraborate to sample.

The powdered mixture is

fused in a furnace at 1000°C for 20 minutes in graphite
crucibles.

The fusion bead is reweighted, and if there is

any wieght loss the difference is made up by adding lithium
tetraborate.

The weight loss is indicative of the amount

of water and other volatiles contained in the sample.

The

beads are again ground into a powder in the wig-1-bug for
15 minutes.

The powder is pelletized in a cylindrical

die with a boric acid backing at 30,000 psi.
To analyze for an element the ideal operating condi
tions were determined, then all samples were run without
changing those settings.

The counting time for each sample

was at least 100 sec. except for the potassium analysis
where counting times of that duration caused the total
counts to go over the machine's limit.

Total counts were

compared to USGS crushed rock standards which were run at
the beginning and end of each run to guard against error
from instrumental drift.

The crushed rock standards used

were G2, GSP1, AGV1, and BCRl which are granite, grano
diorite, andesite, and basalt respectively.
was also used in determining Mg.

A dunite, DTS1,

The chemical compositions

of these standards are taken from Flanagan (1973).

A linear

regression of chemical composition versus total counts was
performed by computer.
The accuracy of this method compares favorably to other
standard types of analysis.

One of the major sources of
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error

is inherent in using the wig-l-bug because it can

only handle a 2 gram sample, which is especially undesir
able when analyzing whole rock samples of granitic material.
Also the sample vile is made of steel which will conta
minate the sample with Fe.

However, all samples were

ground for the same amount of time.

When the standards

were run, the standard deviation for Fe analysis was no
greater than that of most of the other elements.

Spectro-

graphic error is held down because the fusion and dilution
with borate flux helps to eliminate much of the sample
matrix effects such as x-ray absorption and chemical
inhomogeneity

(Welday ejt a l . , 1964) .

The correlation coeffi

cient between counts per second and the actual chemical
composition of the USGS standards was greater than .999
for each element except Al which was greater than .990
(Table 3).

The sample holders of the spectrograph are

made of aluminum which apparently contributed some spurious
radiation to the total count rate for Al.
tion corrections were made on the data.
table of mass-absorption coefficients

No mass-absorpReference to a

(Jenkins and deVries,

1969, p. 181) shows that the wavelength of RbK< should be
absorbed by some of the common rock elements, particularly
Fe; however, after analysis the Rb values for the standards
did not vary noticably from a linear relationship with their
respective intensities.
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Table 3. Correlation coefficients and standard errors
obtained in x-ray spectrographic analysis.
El

Correl. coeff.

Si
Al
Fe
Mg
Ca
K
Rb

.9998
.9940
.9998
.9999
.9998
.9998
.9995

Std. error
.17 %
.25
.13
.25
.06
.04
3.3 ppm

Results

Pegmatite feldspars
The results of the geochemical analysis are shown in
tables 4, 5, and 6.

For determining the composition of the

pegmatite feldspars the crystals were broken up, and the
quartz inclusions were removed by hand picking, but because
of the fine size of the inclusions they could not always
be completely separated.

Nevertheless, by assuming that

the alkali feldspar’s components are present in stoichio
metric amounts, normative orthoclase and quartz can be calcu
lated.

The weight percents of the orthoclase component of

the normative alkali feldspars are shown below each ana
lysis of the pegmatite feldspars.

The formulas used in

the calculations are listed in appendix 1.
The distribution of the Or content of these perthitic
feldspars shows that all but one sample is located in the
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Table 4.

Pegmatite feldspar analysis.
1-3PF

1-6PF

1-7F

2-1F

Si02

65.68

68.39

66.42

70.16

65.74

Al2° 3

17.79

16.44

17.76

16.80

17.92

13.02

10.05

11.47

10.83

11.18

Total

96.49

94.88

95.65

97.79

94.84

Or Wt. %

80

67

71

71

69

2-1F2

2-2F

2-5F

2-6

2-10F

69.08

66.76

71.16

70.54

68.25

16.24

18.24

16.32

15.88

18.08

k 2o

10.77

12.71

10.30

9.34

11.51

Total

96.09

97.71

97.78

95.76

97.84

Or w t . %

73

77

70

65

70

2-13F

3-4PF

3-5F

4-1

4-2F

sio2

64.20

64.47

68.00

75.98

65.48

a i 2o 3

18.92

18.55

17.54

14.62

18.18

11.92

12.25

12.37

8.80

4.01

Total

95.04

95.27

97.91

99.40

87.67

Or wt. %

69

73

77

66

25

5-2F

5-3F

6-2F

7-2F

7-4F

68.96

70.47

64.64

66.04

65.40

17.40

16.80

17.89

17.61

18.96

2°

11.24

10.79

11.79

11.41

11.75

Total

97.60

98.06

94.32

95.06

96.11

Or w t . %

71

71

73

71

68

O
CN

1-1F

Si02
A12°3

k

2o

sio2
A 1 2°3
k
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Table 4, con't.
Pegmatite feldspar sample descriptions.
First numeral of sample number refers to the outcrop
number.
1-1F
1-3PF
1-6PF
1-7F
2-IF
2-1F2
2-2F
2-5F
2-6
2-10F
2-13F
3-4PF
3-5F
4-1
4-2F
5-2F
5-3F
6-2F
7-2F
7-4F

Pegmatite vein
Pegmatite pod
Pegmatite vein
Pegmatite pod
Coarse grained pegmatite body
Coarse grained
Coarse grained
Medium grained
Fine grained (coarse grained granite)
Medium grained
Coarse grained
Medium grained
Medium grained
Coarse grained, graphic texture
Coarse grained, antiperthite
Medium grained
Medium grained
Medium grained
Coarse grained
Coarse grained

vicinity of Or = 70 (Fig. 4).

The exception is the anti-

perthite sample

(4-2).

The main trend varies from Or =

65 to Or = 80.

There was no systematic variation within

the trend which probably represents a normal Gaussian
distribution.

Some of the variation in samples with low

values is due to inclusions which were observed in thin
section.

Also observed in thin section was a small amount

of alteration or sericitization on or in the grains.

The

normative calculation for the Or content is based heavily
on the accuracy of the Al analysis which has previously
been mentioned as being less than that of the other ele
ments.

Nevertheless, the validity of the calculations is

borne out by an Or determination using another independent
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Table 5.

Country rock analysis
1-4

1-6C

1-8

2-3

Si02

69.72

69.50

68.30

70.92

70.31

Al 0
2 3
Fe

13.38

12.76

13.89

14.28

14.12

5.53

3.93

5.95

3.19

4.65

CaO

1.11

1.39

.50

.36

.18

o

5.27

7.42

6.35

6.24

5.74

Total

*

*

*

*

*

2-7

2-8

2-12

3-3

3-4C

77.79

74.48

72.31

73.12

70.15

13.65

15.33

13.99

12.74

15.43

Fe

.41

1.65

4.19

2.19

2.19

CaO

.28

.75

.15

.56

.24

k 2o

4.86

4.11

4.35

5.54

6.82

96.99

96.32

*

94.15

94.83

4-3G

5-1FQ

7-1

7-3C

7-5G

75.65

73.45

74.67

76.84

74.38

14.14

15.79

13.74

14.33

14.38

CM

1-2

Si02
A12°3

Total

sio2
A 1 2°3

-

.24

2.01

1.69

1.07

CaO

-

1.29

.80

.42

.47

6.62

5.58

4.77

5.39

6.20

96.41

96.35

95.99

98.67

96.50

OCM

Fe

Total
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Table 5.

sio2
A 1 2°3
Fe
CaO
K 2°
Total

Country rock analysis, con '.t
1-3CF

2-9C

2-9PF

2-1M

3-5M

66.48

75.35

64.81

59.90

45.59

17.98

14.16

19.96

19.94

13.80

1.74

1.63

-

-

18.47

.20

1.25

-

-

.52

5.15

2.07

2.94

7.73

6.97

91.55

94.46

87.71

87.57

92.33

Country rock and miscellaneous sample descriptions.
1-2
1-4
1-6C
1-8
2-3
2-7
2-8
2-12
3-3
3-4C
4-3G
5-1FQ
7-1
7-3C
7-5G
1-3CF
2-9C
2-9PF
2-1M
3-5M

Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Gneiss, felsic fraction
Gneiss
Granodiorite
Granodiorite, foliated
Granodiotite, foliated
Gneiss, felsic fraction
Gneiss, feldspar and quartz
Gneiss
Granodiorite, foliated
Gneiss, felsic fraction
Feldspar porphyroblast
Hydrothermally altered granodiorite
Hydrothermally altered pegmatite
Pegmatite muscovite
Pegmatite biotite

* Note.
Analysis totals denoted by an asterisk were
recalculated at 95% because of dilution by boric acid backing.
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Fig. 4. Distribution of the Or contents.

method developed by Orville (1958).

Powdered samples were

heated at 1050°C for a day to homogenize the perthite.

The

position of the ("201) x-ray diffraction peak of the treated
feldspar varies with the Or content.

By comparison with

the (101) peak of a potassium bromate internal standard an
Or content of 70 was found for sample 7-4F, which is close
to the normative value of 68.
Country rocks
The geochemistry of the country rock (Table 5) does
not bear any particularly consistent correlation with the
geographical variation in pegmatite activity.

Generally
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speaking, the composition remains constant across the study
area.

The silica content is fairly high, rarely dropping

below 70 percent.
able proportions

Aluminum and iron are present in reason
(13-16% and 1/2-6% respectively).

The

most notable departure from the values expected of a
granodiorite are those of the more alkaline members.

CaO

is rarely over one percent, and even then can be accounted
for by the accessory calcite usually found in thin sections
of these samples.

1^0 is present in amounts similar to

those found in the USGS

granodiorite standard used for

the analysis.
Na^O determinations are beyond the limits of common
x-ray spectrographic analysis.

This is unfortunate because

it also obviously precludes any geochemical determination
of albite content.

However, even if the sodium data were

available the feldspar compositions still could not be
geochemically defined because of the sometimes extensive
sericitization of the feldspars in the country rock.

Gair

and Thadden (1968) have published geochemical data on the
tonalitic portions of the Compeau Creek gneiss but not
the data on the more granodioritic areas which are geo
graphically closer to the area presently under study.

In

addition, geochemical correlation between the two rock
units is made more difficult because sodic feldspars may
be replaced with potassic micas by hydrothermal solutions,
even though the solutions may have relatively high NaCl/KCl
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ratios (Hemley and Jones, 1964).

Thus the exact compo

sition of the original granodiorite cannot be known.

K/Rb Ratios
Trace element analysis of rubidium was performed on
the x-ray spectrograph in order to determine the K/Rb
ratio.

Statistical analysis of rocks from various suites

and world wide localities shows the trend of K/Rb to be
linear on a log-log plot for most common rock types
(Shaw, 1968).
decreases

The trend also shows that the K/Rb ratio

(i.e. Rb increases relative to K) as the potas

sium composition of a rock becomes greater.

Rocks such

as pegmatites with high potassium concentrations sometimes
depart from this trend and show considerable enrichment in
Rb.

Since the Rb has the same

ionic

charge and approximate

size it substitutes for K up to a certain point.

Excess

Rb would fractionate into the liquid phase during magmatic differentiation.

Experimental studies

(Chelishchev,

1967) show that, with increasing concentration in an
aqueous fluid phase, its content in both coexisting microclines and mica will also increase; hence, late magmatic
differentiates may be enriched with residual rubidium.
Some authors have shown that the K/Rb ratio for an
igneous pluton may decrease toward the late-formed center
of the body (Heier and Taylor, 1959).

With this in mind it

was hoped that trace element anaylsis would indicate any

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

history of differentiation in the pegmatites.
trend indicating this was found (Fig. 5).

A small

Geochemical

analysis for potassium shows that it remains fairly con
stant at about 10% in the normative potassium feldspars
throughout the entire study area, as has been pointed out
in a previous section.

However, the Rb concentration

ranges from 157 to 329 ppm.

(Table 6), which corresponds in

this case to a K/Rb ratio of 642 to 306.

A break in the

distribution occurs at about 250 ppm. Rb, or K/Rb = 400.
On the low concentration side are the samples from outcrops
1 through 4.

At higher values are found the samples from

outcrops 5 through 7.
two subgroups.

No trends are apparent within the

The scatter of points is due in part to

sampling error caused by an apparent uneven distribution
of Rb within individual crystals.

As a crystal grows in a

melt the composition of that melt may change.

The surface

of a crystal will equilibrate with the melt as the compo
sition changes, but the interior of the crystal will be
effectively shut off from further change.

Mathematically

it can be shown that the resultant partition coefficient
will vary logarithmicly during crystallization
1963, eq. 33).

(Mclntire,

Samples 2-IF and 2-1F2 were taken 3 inches

apart from each other, and from the same perthite crystal.
Both have approximately the same K concentration, but the
Rb values are 230 ppm. and 175 ppm. respectively which
is a difference of almost one-fourth.

Nevertheless, most

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig.

5.

Log

K (%)

versus

log

Rb

3

(ppm) .

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 6. K/Rb analysis.
Sample numbers correspond to
those in the two previous tables.
K %

Rb ppm

K/Rb

Pegmatite Feldspars
(Normative)

1-1F
1-3PF
1-6PF
1-7F
2-1F
2-1F2
2-2F
2-5F
2-6
2-10F
2-13F
3-4PF
3-5F
4-1
4-2F
5-2F
5-3F
6-2F
7-2F
7-4F

11.12
9.29
9.88
10.07
9.50
10.12
10.79
9.88
9.05
9.98
9.63
10.06
10.92
9.64
3.37
10.08
10.07
9.93
9.84
9.59

209
189
201
157
230
175
204
235
207
226
216
190
196
222
22
329
270
291
292
292

533
491
491
642
412
577
530
421
438
442
445
530
558
435
1514
306
373
341
337
328

Country Rock

1-2
1-4
1-8
2-3
2-7
2-8
2-12
3-3
3-4C
4-3G
5-1FQ
7-1
7-3C
7-5G
1-3CF

4.37
6.16
5.19
4.76
4.03
3.41
3.61
4.60
5.66
5.49
4.63
3.96
4.47
5.15
4.27

135
214
204
210
107
88
181
102
121
94
146
146
154
168
90

323
287
254
227
377
388
199
451
468
584
317
271
290
307
474

Altered Rock

2-9C
2-9PF

1.72
2.44

79
75

218
325

Pegmatite Micas

2-1M
3-5M

6.42
5.79

365
184

176
315
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samples are from feldspars with grain sizes on the order of
1 cm. so that most of the crystal is included in each
sample.
Sample 4-2F is the only analyzed feldspar whose Or
content of 25 wt.% is not consistent with the main trend
at about 70 wt.%.

This sample is an antiperthite as has

been previously mentioned.

Its Rb composition is not

accurately known because the analyzed value of 22 ppm. is
close to the minimum detectable amount of about 10 ppm.
Its K/Rb ratio of 1514 is by far the highest found in
this study, but in view of the large probability of error
its significance is obscure.
Two pegmatite micas also were analyzed.

Sample 2-1M

is a green muscovite and has a K/Rb ratio of 176.
3-5M is a biotite and has a ratio of 315.

Sample

It is not

surprising to find a low ratio in a late forming muscovite,
but the relatively high ratio found in the biotite is
unexpected.

Biotite is often cited as the only common

mineral to have K/Rb ratios substantially lower than the
other major silicates

(Shaw, 1968).

The K/Rb plot (Fig. 5) for the country rock samples
indicates both the variation in the alkali compositions
and in the K/Rb ratios.

The points are quite scattered,

and upon regression analysis only yield a correlation
coefficient of .33.

However, samples from individual

outcrops often seem to align themselves into trends whose
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slopes are approximately unity, i.e. trends of constant
K/Rb ratios.

This indicates that K/Rb may have reached

equilibrium at least on the scale of an outcrop.

While

there is evidence in both the country rocks and pegma
tites of rubidium fractionation, only 2 out of the 40 samples
have concentrations higher than the normal K/Rb trend.

This

will be considered in the following discussion on the origin
of the pegmatites.
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V. ORIGIN OF THE PEGMATITES
The Problem

To put the problem in perspective a brief summary of
the preceding chapters is offered here.

In the southern

part of the study area are small pegmatites contained in
slightly altered granodiorites

(Fig. 2).

To the north

are more numerous and larger pegmatites that are more
intimately associated with the gneissic country rock.
Throughout the sequence the pegmatite is composed of
quartz, perthitic feldspar with an Or wt. % of 70, and a
very small amount of sodic feldspar and accessory mica.
K/Rb data appears to be slightly bimodal but may show the
effect of fractionation.
are the following:

The questions to be answered

were these pegmatites formed by igneous

or metasomatic processes; and were these bodies of diverse
sizes and forms all products of the same geologic event?

Evidence for a Metasomatic Origin
The metasomatic processes considered here are those
which involve ionic migration through an aqueous phase.

The

best evidence for a metasomatic origin of at least some of
the pegmatites can be found in the areas of migmatite devel
opment.

Mehnert (1968) has written a fairly comprehensive

treatise on migmatites, and many of his metasomatic criteria
46
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can be applied to the rocks at outcrop 5.

Here the migma-

tite grades into pegmatite in a matter of a few feet.

As

has been mentioned in a previous section the gradational
character of the contact is enhanced by the continuation
of biotite layers from the migmatite into the pegmatite.
The micas in the felsic layers of the migmatite maintain
their foliation, while the micas in the mafic layers seem
to have been mechanically pushed aside and forced into
these layers.

This would indicate processes taking place

in the solid state.
Another point often eluded to by those who favor meta
somatism is the sometimes isolated nature of pegmatite
bodies.

Many times a pegmatite will have no apparent

feeders.

Most of the forms presently under study are dikes

or other roughly tabular bodies, so they may be connected
at depth.

However, some of the other bodies occur as small

pods up to a foot in diameter and appear to be isolated.
Their compositions are the same as the other pegmatites, so
it would seem they are all related in some way.

While these

pods visibly lack feeders on the surface of the outcrop we
cannot rule o ut the possibility of feeders hidden from
view.

The probability is low that the plane of the outcrop

surface will intersect these spherical bodies at any spe
cial point, such as the place where a feeder may join.
The geochemistry also may indicate a nonigneous ori
gin.

Tuttle and Bowen (1958) have shown that a feldspar
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from a normal granitic rock should have an Or wt. % of 50
or less depending on P„

At vapor pressures representa2
tive of pegmatite formation pressures (approx. 3-5 kb.) the
Or content may

go as low as 30 (Luth et al./ 1964).

is in contrast

to the observed value of Or wt. % = 70 uni

formly found for the pegmatite feldspars of the
study.

This

present

Instead the analyses agree more closely with the

compositions of analyzed granites and pegmatites which fall
into the "potassic" classification of Barth (1962).

These

are granitic rocks that could not have followed the normal
path of crystallization found in experimental work on the
granite-water system.
Further evidence for a non-igneous origin may be
inferred from both the high values and the distribution
of the K/Rb data.From the plot of the

K/Rb data (Fig. 5)

it can be seen that all of the values for the pegmatite
feldspars fall above the main igneous trend of Shaw (1968).
If the pegmatites are the products of normal igneous
differentiation, then the values should fall on the main
trend or possibly even to the greater Rb side if there has
been rubidium fractionation.

One of the analyzed micas

did have a K/Rb value on the Rb side, but this small
amount of mica could not bring the total rock concentration
into the normal range.

On this basis we might rule out

the possibility of origination by late-stage igneous
activity of a subadjacent pluton.
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The distribution of the K/Rb values is even more
interesting.

The pegmatite feldspars whose values come

closest to the ^normal trend are from outcrops 5 through 7.
Looking at the country rock values, one notes also that
all those samples from outcrops 5 and 7 also occur close
to the normal trend (Fig. 6).

Most of the country rocks

from the other outcrops lie to the more potassic side,
as do the pegmatites from these same outcrops.

It would

seem that individual pegmatites bearing sympathetic rela
tions to each of the enclosing host rocks should be the
products of very local derivation, and not have formed
by a highly mobile pegmatite fluid.
Fig. 6. Average K/Rb values for the pegmatites and country
rocks at each outcrop.

• PEGMATITES
o COUNTRY ROCK

10-

Log K (%)

2.0

23

Log Rb (ppm)
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Evidence for an Igneous Origin

While there are some compelling arguments for a meta
somatic origin of these rocks, there is much geochemical
and field evidence to support an igneous origin.

According

to many authors the large crystal sizes usually associated
with pegmatitic textures such as those found in parts of
the present study area are best explained by crystalli
zation from a low viscosity aqueous phase in equilibrium
with a silicate melt.

The granitic melt may be derived

from differentiation of a more basic magma or from anatexis,
the latter being the more likely source in this case.

Ana

texis was a probable outgrowth of the migmatite develop
ment.

The migmatites may have originally developed through

metamorphic processes, however, their eventual merger
with the pegmatites indicates that at some crucial point
in the transition they melted.
cannot be completely ignored.

Alternate sources of magma
A porphyritic granite and

an alaskite body both exist within a three mile radius
of the study area, and there may be other igneous masses
in this unmapped region, but not enough is known about them
to either credit or discount their relationship to the
pegmatites in question.

Nevertheless, the pegmatites' close

association to the migmatites and their simple mineralogy
point to a very local source and little direct outside
influence.

For these reasons anatexis is the favored

theory and an underlying consideration in the rest of this
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section.
The intrusive character of the dikes in the southern
most outcrop is another piece of evidence pointing to an
igneous origin.

There is nothing to indicate that they

originated from the host rock by any diffusive metamorphic
process.

There is no geochemical data, such as potassium

depletion near the dikes, to show any support for diffusion.
Indeed the mineralogy shows just the opposite.

Microcline

porphyroblasts have developed outward from the veins into
the country rock (Table 1).

Also the mafic micaceous

mineral of the pegmatite veins is chlorite which is stable
at higher P„ _ than biotite which is the mica found in the
2
country rocks.
This is what would be expected of igneous
pegmatites, whereas a metamorphic pegmatite would have to
form in veins whose P
rock

is lower than the surrounding
2°
(Gresens, 1967).
So there does not seem to be any

driving force for diffusion.
Regarding the geographic distribution of the different
types of pegmatite bodies, the area under study represents
a microcosm of the classical plutonic section.

In the

northern part of the study area which corresponds stratigraphically to the deepest rocks are found migmatites of
the core zone where the magma originated by anatexis.
Moving up section we find the larger bodies which have
intruded upward.

Finally at the southern end of the study

area we find only narrow veins indicative of the upper
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fringes of the igneous activity.
The consistency of the Or wt. % throughout the sequence
can best be explained by the presence of some highly mobile
fluid that can effectively transport the alkali ions to all
parts of the system.

This is a perfect description of

the properties of an aqueous phase in the critical state
and in contact with a silicate melt as described by Jahns
and Burnham (1969).

The condition that there must be a

silicate melt in contact with the aqueous vapor phase is
apparent from experimental evidence presented by Luth and
Tuttle

(1969).

They found that while the anhydrous composi

tion of the vapor phase in contact with a silicate liquid
is approximately the same as the liquid composition, the
anhydrous composition of a vapor phase in contact with a
crystalline silicate slightly below the solidus is more
than 75% silica at 5 kb and is almost pure silica at
lower pressures.
Although the composition of the alkali feldspar
remains fairly constant, one of the arguments in favor
of metasomatism was that its value (Or = 70, Ab = 30) is
very different from the expected value (Or = 50-30, Ab = 5070).

The expected value is the experimentally determined

eutectic composition for the system A b - O r - Q z - ^ O at reason
able pegmatite formation P„
in the range of 3 to 5 kb
n 2O
(Luth et al., 1964).
However, Jahns and Burnham (1969) have
stated that while the bulk composition of a pegmatite will
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be close to the granite minimum or eutectic, there may
be segregation of the crystalline phases with the potash
feldspar crystallizing from the aqueous fluid and the
sodic feldspars crystallizing directly from the silicate
melt.

The finer grained sodic feldspars may form inter-

stitially or in separate masses.

Movement of alkali

feldspar ions through an aqueous phase in response to a
temperature differential has been well illustrated experi
mentally

(Orville, 1963).

The sodic portion is repre

sented by sample 3-2 which is a medium grained aggregate
of low An plagioclase, and by sample 4-2 which has an Or
content of only 25%.

Possibly some of the reasons why so

little sodic feldspar is noticed is because of its visual
resemblence to the potassic feldspars, or because of its
affinity to the originally warmer parts of the pegmatite
system which may be at depth and unexposed.
Many aspects of the K/Rb data are consistent with an
igneous petrogenesis.

In an earlier section it was learned

that highly differentiated igneous rocks sometimes have
unusually high rubidium concentrations.

The fact that

the rocks from this study have lower than usual rubidium
concentrations

(Fig. 5) was considered to abnegate the

possibility of genesis by late-stage igneous activity of
a large pluton.

However, this does not rule out an origin

by local anatexis of rocks that had a low rubidium content
initially.

Studies in ancient granulite terrains
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of the Canadian shield depict lower K/Rb ratios as a conse
quence of rubidium loss during regional metamorphism, anatectic melting, and dehydration of hydrous phases (Lewis
and Spooner,

1973).

Within the pegmatite field itself

is a slight fractionation trend that shows increasing
rubidium concentration toward the northern part of the study
area.

The two analyzed pegmatite micas have higher rubi

dium concentration.

The K/Rb fractionation coefficient

(K/Rb feld / K/Rb mica) between the coexisting feldsparbiotite pair is 1.8 and between the feldspar-muscovite
pair is approximately 3.0.

Some authors have indicated

that the fractionation coefficient remains constant and
is not affected by temperature (Lange et a_l., 1966; Whitney,
1969), but experimental evidence using sanidine and phlogopite shows the opposite

(Beswick and Eugster, 1968).

The fractionation coefficient between these minerals is
4.5 and 2.8 at temperatures of 500°C and 800°C respectively.
If the experimental data is applicable then these pegma
tites should have formed at high temperatures.
Age
Before an age can be determined for the pegmatites
the question arises whether or not these bodies of diverse
sizes and forms are all of the same age.

It is fairly

safe to assume that because of the logical geographic
sequence of the different bodies through the section, the
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similar mineralogy and texture, and the relatively constant
geochemistry, the pegmatites all formed during the same
event.

The exact geological time when this event took

place, however, is not certain.

The latest geologic event

associated with acidic igneous rocks is the Penokean oro
geny of post-Animikian or late middle Precambrian time.
This was a relatively mild event.

The pegmatites may have

originated in the previous and more intense orogeny which
took place in the late lower Precambrian.

It is doubtful

that the pegmatites could have formed at any time previous
to this since they are so relatively undeformed.

Thus

we are left with two possible ages for the pegmatites,
either pre- or post-Animikian.
It is also assumed that the pegmatites must be younger
than the country rocks which contain them.

No field work

was undertaken in the present study to observe the contact
relations between the granitic country rock and the middle
Precambrian metasedimentary rocks, but it may be reasonably
concluded that in light of the previous statements
Allen's

(Chapt. I ) ,

(1914) original conclusion of a lower Precambrian

age of the local granitic rocks is correct.
Determination of a lower Precambrian age for the
country rocks, nevertheless, does not reduce the number of
age possibilities for the pegmatites.
post- or pre-Animikian.

They still may be

Most of the above mentioned

authors found that the pegmatites contained in the granitic
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rock continued into the middle Precambrian (Animikian)
metasedimentary rocks in many areas of the southern complex
for example in the Republic area (Snelgrove et al_.,
1944); and in central Dickinson County (James et a l . , 1961)
A pegmatite at Republic has been radiometrically dated at
approximately 1.8 b.y.

(Gair and Thadden, 1968, p.55).

In the area 5 miles to the north Gair and Thadden (1968)
noted that the pegmatites generally crosscut the lower
Precambrian granitic rocks but made no further inferences
as to their age.

In the Gwinn area itself, Allen (1914)

mentions that pegmatites cut the middle Precambrian basal
arkose, but unfortunately does not disclose the location
of the outcrop so that they were not available for compari
son with those in the present study area.

Although there

is no direct e v i d e n c e t h e fact that pegmatites cut the
local Animikian rocks, that all of the pegmatites in the
present study area are of the same age, and the occurrence
of coeval pegmatites in many other parts of the southern
complex region all point to an origin during the postAnimikian, Penokean orogeny near the closing of the middle
Precambrian.
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VI. CONCLUSIONS

The following conclusions concerning the pegmatites
may be drawn from the present study:
1.

Their texture, mineralogic and chemical composi

tion, and somewhat intrusive characteristics are compatible
with an igneous origin.

They are the products of ana-

tectic melting which reached its highest intensity in the
northern part of the study area.
2.

The geochemical consistency of the Or content of

the alkali feldspar indicates that all the different
bodies were formed by the same event, but because of a
regular variation in rubidium concentration there may
have been fractionation within this sequence.
3.

The probable age of the intrusion is in the late

part of the middle Precambrian.

57
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APPENDIX.

Calculation used to determine Or wt. percents.

Ak = K (Ako/K o )
A

n

= A - A
k

N = An (N0/An 0 )
Sk = K (Sk0/K0 )
Sn = N (Sno/N o )
Or = (K + Ak + Sk )/(K + Ak + Sk + N + An + Sn )

A, A ^ O ^

samPle
••

K, K 20
N, N a 20

"

II

A k# A ^ O ^ alloted to K-feldspar in the sample
An / A120 3

It

II

Na-feldspar "

II

II

sk, Si02

It

II

K-feldspar

"

If

VI

II

It

Na-feldspar "

II

II

Sn' Sl02

KQ , K 20 Of pure K-feldspar = 16.92
I!

= 18.31

Ako' A l 2°3

n

= 64.77

Sko' Si02

Nq/ N a 2°

Pure Na-feldspar = 11.82

Ano' A12°3
S , SiO„
no

2

"
"

"
"

= 19‘44
= 68.74
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